The authors report the modulation of photoluminescence intensity from lead sulfide quantum dots using two laser beams with different wavelengths. Photoluminescence from lead sulfide quantum dots in glasses was reversibly switched between the "bright" and "dark" states and degree of darkening to 16% of the initial intensity was realized. Changes in the photoluminescence were insensitive to temperature but strongly dependent on the power densities of the modulating laser beam. This efficient optical modulation has potential for optical switching and memory device applications.
Semiconductor nanocrystals or quantum dots ͑QDs͒ have potential for photonic device applications such as tunable lasers, light-emitting diodes, and displays.
1-3 Much effort has been devoted to control the wavelength and intensities of the photoluminescence ͑PL͒ of QDs by controlling the size of QDs, 4, 5 doping of transition metal ions, 6, 7 or surface capping. [8] [9] [10] For instance, when the average radii of PbS QDs embedded in glasses were tuned from 2.3 to 4.7 nm, peak wavelengths of the PL bands shifted from ϳ1170 to 1680 nm. 4 On the other hand, when the surface of CdSe or PbSe were capped with CdS or PbS to form core-shell structured QDs, efficiencies of the PL were enhanced substantially. 8, 10 However, there are several intrinsic properties of QDs that still need to be controlled. For example, PL from CdSe and PbS QDs showed "blinking" under the continuous illumination of the excitation beam. 11, 12 In other words, PL from these QDs was spontaneously tuned "on" and "off" even when the excitation light was supplied continuously. In addition, QDs embedded in films and glasses showed darkening and brightening of PL, either reversible or irreversible under the continuous light illumination. 13, 14 The processes responsible for these phenomena still remain controversial. It has been proposed that they are strongly dependent on the chemical environments, surface of the QDs, power densities of the illumination beam, and measurement temperatures. [13] [14] [15] Therefore, the careful control of these factors can possibly lead to the efficient modulation of the PL from QDs.
The optical modulation of the PL from QDs has been reported by incorporating QDs into the photochromic or photoisomerizable dyes. 16, 17 For example, under ultraviolet light illumination, photochromic 1Ј , 3-dihydro-1Ј-͑2-carboxyethyl͒-3,3-dimethyl-6-nitrospiro-͓2H-1-benzopyran-2,2Ј-͑2H͒-indoline͔ reversibly changed from the colorless spiropyram to the colored merocyanine form. It worked as an acceptor of the resonance energy transfer, resulting in the quenching of PL from the bound QDs. 17 Unfortunately, these hybrid structures suffered from the weak chemical stability due to the photodegradation of these dyes under ultraviolet illumination. 16, 17 On the other hand, the optical modulation of PL was also investigated using Mn-doped ZnSe QDs. 6 Under light illumination, electrons in the valence band were excited into the conduction band of ZnSe QDs and transferred to the 4 T 1 level of the Mn 2+ ions. These electrons will be further excited by the modulation beam that led to the quenching of the PL from the 4 T 1 → 6 A 1 transition. 6 Although reversible modulation of the PL was possible for Mn-doped ZnSe QDs, it was not trivial to control the surface and doping concentration accurately, if not impossible. Furthermore, for PbS QDs embedded in thin films, photoinduced changes in the PL were irreversible due to the surface oxidation. 12, 13 On the other hand, when PbS QDs were precipitated inside the glass matrices, reversible darkening and brightening of PL were observed.
14 Degrees of the darkening and brightening varied in accordance with the power densities of illumination laser. 14 Therefore, it appears to be possible to control the PL intensities of these PbS QDs if a second laser beam can be applied to the QDs simultaneously. In this paper, we report the optical modulation of the PL intensities from PbS QDs precipitated in glasses through thermal treatment. No further surface treatment or doping of the secondary semiconductor was attempted. It was discovered that PL from PbS QDs can be switched reversibly between a "bright" state and a "dark" state using the second modulating laser irradiation. The degree of darkening strongly correlated with the power densities of the modulating laser.
Conventional melt-quenching method was used to prepare the precursor glass with a nominal composition of 66SiO 2 -8B 2 O 3 -18K 2 O -4BaO-4ZnO ͑mol %͒ and additional 1 mol % PbS. Starting powders were melted in an alumina crucible at 1400°C for 90 min under the ambient atmosphere. The melt was quenched by pouring onto a brass mold at room temperature. Glasses thus obtained were heat treated at 620°C for 20 h to precipitate PbS QDs with the average radius of 3.6 nm. The formation of PbS QDs in the glasses was confirmed from the transmission electron microscopy images and absorption spectra. 4 Two lasers with wavelengths of 800 and 532 nm, respectively, were focused on the same position of the specimens through a dichroic mirror and a 5 cm focusing lens. 800 nm laser with a power density of 13. a frequency of 50 Hz. The second laser with the wavelength of 532 nm was turned on or off to control the PL of PbS QDs, while the 800 nm excitation laser was continuously focused on the specimens. A combination of monochromator, InGaAs detector, and lock-in amplifier was used to record the PL spectra of PbS QDs. Changes in the PL intensity at the peak wavelength were recorded every 300 ms with the integration time of 100 ms. Low temperature experiments were done with a cryostat system cooled by compressed helium gas. Figure 1͑a͒ shows the changes in the PL intensity during the laser irradiation. Under the single laser excitation at 800 nm in wavelength, PL intensity from PbS QDs gradually decreased to a steady state ͑I S ͒, as indicated by the circle in the figure. The modulation of the PL intensity of PbS QDs was conducted with the 532 nm laser after the PL of PbS QDs reached the steady state. Power densities of the modulation beam were changed sequentially from 19, 42, and 88 to 134 W / cm 2 for the four successive modulations. When the modulation laser beam was turned on ͑indicated by the solid arrows in the figure͒, PL from PbS QDs decreased in intensity from the original steady state value to a new state ͑I͒. When the modulation beam was turned off, as indicated by the dashed arrows, the PL intensity nearly recovered its initial steady state value I S , indicating that the modulation induced by the 532 nm was reversible. One can clearly see that PL from PbS QDs can be switched reversibly between the bright and dark states by simply modulating the second laser beam. The degree of darkening ͑I / I S ͒ was strongly dependent on the power densities of the modulation beam. When the power density of the modulation beam increased from 19, 42, and 88 to 134 W / cm 2 , the PL intensity of the final state ͑I͒ decreased to 76%, 55%, 29%, and 16% of its original steady state value ͑I S ͒. These values of darkening were comparable to those reported from the QD hybrid structure or Mn-doped QDs. 6, 16, 17 In addition, PL spectra ͓Fig. 1͑b͔͒ recorded after reaching the steady states at different power densities showed that there was neither a spectral shift nor change in the line shape.
Since the modulation of PbS QD PL was reversible and dependent on the power density, it is worth comparing the changes in PL intensity with time. Again, PbS QDs were excited by the 800 nm laser and modulated with the 532 nm laser. The changes in PL intensities were recorded at room temperature for five different modulation intensities. Figure  2͑a͒ shows the results after the normalization of the initial intensities. The results clearly showed the fast decrease in the PL intensity as soon as the 532 nm laser was turned on. This initial fast decrease became pronounced as the power densities of the modulation beam increased. In addition, time traces of the PL intensities were recorded at temperatures of 100 and 200 K under the same illumination conditions. They also showed the similar initial darkening, indicating that this fast initial decrease was temperature insensitive. On the other hand, the slow-decaying portions of the time traces were strongly temperature dependent.
The reversibility between the bright and dark states together with the stability of the PL spectra indicated that PbS QDs embedded in the glasses are chemically stable. It has been proposed that photodarkening is associated with the photoionization of QDs followed by the trapping of the ejected carriers by the defects on surface or surroundings of QDs. 18, 19 To grasp more understanding on the darkening process, traces in Fig. 2͑b͒ were fitted using multiple exponen- 
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Here, I 0 is the final steady state PL intensity, and I 1 and I 2 are the magnitude of PL intensity decreases induced by the fast ͑1͒ and slow ͑2͒ processes with time constants 1 and 2 , respectively. Results of fittings were shown in Fig. 2͑b͒ and the time constants thus obtained were listed in Table I . Time constants of the initial fast process ͑ 1 ͒ were within 0.7-2.1 s when the experimental temperature changed from 294 to 100 K. On the other hand, 2 changed rapidly from ϳ8 s at 294 K to approximately 60 s as the temperature decreased to 100 K. When only 800 nm laser was used for the measurement, the measured time constant was ϳ9.4 s at room temperature. It represents a typical slow process similar to those observed during the decay of the normal PL traces and is induced by the thermal ejection of charge carriers and subsequent trapping by defects. 14 On the other hand, the initial fast darkening process observed with the second modulation beam indicates the presence of the new pathway for the photoionization of PbS QDs. Considering the weak temperature dependency and the large photon energy of the modulation beam ͑2.33 eV͒, this fast darkening process is probably activated through the Auger ionization or re-excitation of the trapped charge carriers into the conduction band of the glasses. The re-excitation of the trapped charge carriers, in turn, generated the new trapping sites for the photogenerated charge carriers and led to the darkening of the PL. Figure 3 shows the PL traces for the 11 successive modulations using the 532 nm laser with power densities from 18 to 196 W / cm 2 . The steady state PL intensities ͑I S ͒ were completely recovered within the experimental error when the modulation beam was turned off. This reversibility remained evident until the experiments were stopped after 2 h due to the limitation of our measurement system. This result clearly shows that there is no permanent bleach or accumulation of trapped charges that offset the PL intensities over the extended time scale.
In summary, we report an efficient optical method to control the PL intensities from PbS QDs embedded in the glasses. Upon the illumination of the modulation beam, PL of the PbS QDs was switched between a bright state and a dark state without changes in the shape and wavelength of the PL spectra. This switching was reversible and insensitive to temperature, and the maximum intensity decrease was 84% of the original intensity. Reversible switching in glasses containing PbS QDs provides potential for optical switching and memory device applications.
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